Many systems [2, 3] are now known to possess useful specific theoretical energy densities as indicated in table I. In operation the S.S.E. materials must also be able to sustain satisfactory current densities and chemical diffusion coefficients around 10" 6 cm 2 /s are therefore desirable. As the self (Df) and chemical (D,) diffusion coefficients can be combined in expressions of the type, if follows that the self-diffusion coefficient should also have values approaching lod6 cm2/s as the thermodynamic term ideally will have a value around in between 1 and 10 to optimize the domain of useful available free energy in figure 1. The influence of the thermodynamic factor is demonstrated in figure 2 for hydrogen in niobium. Clearly then S.S.E. materials can be classified as superionic conductors. 
Thermodynamic behaviour of solid solution elec-
trodes. - The zA composition curves (Fig. 1) should be' as flat as possible to optimize the available free energy and this requirement demands very non-ideal thermodynamic behaviour. Most of the simple theories for concentrated solutions use the Bragg-Williams (regular solution) approach with a constant interaction energy but obviously (see Fig. 3 ) these models are inadequate to describe the experimental results of, for example, the Li-TiS2 system [4]. More sophisticated models are required and the statistical approach [5] used for grossly defective fluorite solid solutions might be a useful starting point.
Another parameter which is difficult to predict at present is the maximum solubility of the incorporated species.. For simple binary alloy systems the semiempirical approach suggested by [6] is useful, and figure 4 contains some relevant data for solubility of Li in metallic systems which might be used as solid solution anodes. volume changes associated with the electrode. It is appropriate therefore to examine the properties of alternative solid solution electrodes which might be expected to exhibit relatively small volumes changes due to the incorporation of an electroactive species such as lithium.
This type of S.S.E. material would probably require to possess a framework structure with the mobile electroactive species located in channels (preferably three dimensional) in contrast to the layer structures adopted by the transition chalcogenides such as TiS,. Investigations on selected framework solid solution electrodes are reported in subsequent sections.
4. Recent measurements on selected solution electrodes. -4.1 Li,VO,. -The rapid diffusion of lithium in Ti02 was reported [I31 in 1964 and the anisotropic nature of the mass transport behaviour was attributed to the channels parallelled to the Cdirection in the rutile structure. In contrast to TiO,, the compound VO, is a good,electronic conductor [14] above 70 OC and at ambient temperatures when the 0-Ti is smaller than 1.95. Appropriate polycrystalline and single crystal samples were prepared and the thermodynamic data are summarized in figure 5 .
can be accommodated within three-dimensional interconnecting channels to produce the formula Cu,FeS4. The thermodynamics and transport properties have been measured using cells of the type :
and the results are summarized in figure 6 . Attention is drawn to the high values copper diffusion coefficients at ambient temperatures and to the fact that not more than 1.5 copper atoms can be reversibly removed from the structure. When the copper content is reduced below Cu,.,FeS, there is a marked contraction (see Fig. 7 ) in the lattice parameters (approximately 5 %) and copper cannot be titrated back into the material. Prior to this composition the change in lattice parameters is small (1 %) and satisfactory interfaces can be fabricated with copper conducting solid electrolytes (e.g. CuA1, and Cu7C6H14N2Br,) to allow investigations into the transfer of ions across solid electrolyte-electrode interfaces. The measurements were made with three electrode cells using propylene carbonate containing LiClO, as the electrolyte as described [4] for the experiments on Na,TiS,. The reproducibility of the data was relatively poor and this spread of results was subsequently attributed to the presence of crystallographic shear planes in the samples. The density of shear planes was examined by high resolution electron microscopy using lattice imagining technique and those samples with the highest density of shear planes exhibited the smallest lithium solubility. Tthe lithium chemical diffusion coefficient varied from approximated 5 x lo-' cm2/s at low concentrations to cm2/s near the'limit of solubility. Clearly the presence of shear planes was impeding the mass transport of lithium as the one-dimensional channels become blocked by the presence of displaced vanadium ions. This observation confiqms the limited applicability [15] of one-dimensional channel structures for fast ion conducting materials, and also emphasizes the influence of non-stoichiometry on the mass transport properties. 4.3 K, + ,Fe, ,017. -Alkali ferrites combine the high ionic conductivity of beta alumina with a moderate electronic conductivity and a wide range of stoichiometry. These compounds can therefore serve as model systems for investigations into solid solution electrodes, and at the same time can provide information about the variation of ionic conductivity with concentration of charge carriers which will be relevant to discussions about the mechanism of conduction in the structurally related sodium beta-alumina. Using the experimental arrangement depicted in figure 8 which incorporates both ionic and electronic blocking electrodes, together with ionic and electronic voltage probes, it has been possible to measure [17] the partial molar thermodynamic quantities and the partial ionic and electronic conductivities as a function of potassium content. The composition was adjusted by a series of coulometric titrations and the equilibrium emf-composition curve is reproduced in figure 9 . suggests that the structure is stabilized by the presence of excess potassium in the conduction plane. By measuri~g the cell emf as a function of temperature the partial molar enthalpy and entropy can be obtained and values for the entropy are shown in figure 10 . The deep minimum in the entropy values around x = 0.7 suggests that the distribution of potassium ions becomes ordered around this composition. Utilizing both Steady-state and transient D.C. measurements has enabled both the partial ionic and electronic conductivity to be obtained [17] . The variation in partial ionic conductivity with composition exhibits a parabolic relationship as depicted in figure 11 . If it is assumed that the excess potassium ions are responsible for the ionic conduction then the model of Wang, Gaffari, and Choi [18] predicts a parabolic type dependence of conductivity upon composition as observed in the present work, although it should be emphasized that this relatively simple electrostatic model does not take into consideration additional complicating factors such as the presence of extra interstitial oxygen ions in the conduction plane. 5. Interfacial properties. -The transfer of the electroactive species across electrolytesolid solutioli electrode interfaces has so far received little attention. Preliminary investigations [19] involving the electrolyte CuBr/NIN1 dimethyl-tri-ethylene-diomine-dibromide clearly indicates that copper transport across the interface can be much more rapid in the absence of electro-crystallization of new phases. It is well. 'known that the electrode kinetics for the transfer of protons at the palladium/aqueous electrolyte 'interface can be rate-limiting unless special precautions are taken to activate the metal surface, and that the anodic reaction involving the removal of hydrogen from the palladium is slower than the reverse cathodic process. Transfer of lithium from molten salts into titanium disulphide is very rapid whereas the transfer of alkali metals into the same S.S.E. from organic solvent electrolytes can be influenced by the type of solute employed. Good interfacial contacts can be prepared between mechanically soft materials such as Ag,S/AgI which can be readily plakically deformed. It is much more difficult to ensure good interfacial contact between two hard ceramic materials such as K-beta-ferrite. In principle it should be possible to fabricate satisfactory interfaces by hot pressing techniques. However for these particular materials the situation is complicated due to a large difference in thermal expansion . between K-beta alumina (7 x and K-beta-ferrite (13 x which produces cracks at the interface on cooling.
CuxFeS4 (BORNITE)
The problems associated with maintaining a good solid electrolyte/solid electrode interface have already been mentioned in section 3. The incorporation of the electroactive species within the solid solution elec-- trode invariably produces a charge in the unit cell dimensions. If this volume change is excessive then the integrity of the solid interface will be destroyed. It is of interest therefore to compare changes in unit cell parameters and relevent data is summarized in figure 13 for the selected solid solution electrodes, LixTiS2, C U~.~+~F~S , andKl.,,+xFellO,,. Thechanges in volume associated with the framework structures are much smaller than those associated with LixTiS2 electrodes which consist of TiS, slabs weakly bonded by Van der Waals forces. It is probable therefore that useful solid electrolyte/solid electrode will be fabricated using appropriate framework solid solution electrodes.
